The magnetic hysteresis curves of NiFe͑t͒ / FeMn͑15 nm͒ / NiFe͑5 nm͒ exchange-biased trilayers, with t ranging from 3.8 to 18 nm, show two clearly separated loops, which were interpreted as corresponding to the independent magnetic reversal of the two ferromagnetic ͑FM͒ NiFe layers. Polarized neutron reflectometry allowed the determination of the evolution of these two layer magnetizations at various fields along the hysteresis curve. For increasing t, the behavior of the magnetization evolved from one where both layer magnetizations were always collinear to the applied field to one where rotation of the magnetizations was observed at various fields. Measurements on the thickest field-annealed sample additionally showed that, during the reversal, the magnetizations of the two NiFe layers are close to being perpendicular to each other. This magnetic configuration is discussed in terms of the FM/antiferromagnetic ͑AFM͒ interactions and of a possible coupling between the two FM layers across the thick AFM FeMn spacer.
The term "exchange bias" [1] [2] [3] [4] refers to the occurrence of a unidirectional magnetic anisotropy, which manifests itself as a shift in the magnetization curve away from the zero-field axis in a ferromagnetic/antiferromagnetic ͑FM/AFM͒ system. This shift in the hysteresis loop H ex arises if the system is grown in a magnetic field or cooled down in a magnetic field after heating above the Néel temperature of the AF layer. FeMn/ NiFe is a widely used antiferromagnet/ ferromagnet ͑AFM/FM͒ exchange bias system in spin valve structures. 5 In the bilayers a low exchange bias around 50 Oe is reported even after field annealing. 6 To increase this bias and because FeMn needs a fcc seed layer such as NiFe ͑Ref. 7͒ or Cu ͑Ref. 8͒ to form the antiferromagnetic ␥-fcc phase, the use of trilayer NiFe/ FeMn/ NiFe structures has been suggested, where then the bottom NiFe is a seed layer and the top NiFe layer is the pinned layer.
In spin valve applications a large biases for the pinned layer is critical. Typically these trilayer systems show two hysteresis loops with different biases owing to the presence of two AFM/FM interfaces, one for the seed NiFe layer and one for the pinned layer. However, the magnetic behavior of such trilayers is not completely understood. A recent systematic study 9 of the exchange bias in NiFe͑t͒ / FeMn͑15 nm͒ / NiFe͑5 nm͒ trilayers suggested a complicated interface spin structure in the antiferromagnetic FeMn as well as in the ferromagnetic NiFe layers, which is different at the two interfaces. This paper discusses the study of multilayered thin films with the composition Si/ SiO 2 /Ta͑5 nm͒/NiFe͑t͒ / FeMn ͑15 nm͒ / NiFe͑5 nm͒ and with nominal thicknesses t = 3.8, 12, and 18 nm. The films were deposited by rf magnetron sputtering at a base vacuum around 3 ϫ 10 −7 Torr. Further details of the growth procedure and structural characterization are described in Ref. 9 . A constant magnetic field of 60 Oe was applied at the time of film deposition to develop the necessary exchange bias. The sample with t = 18 nm was additionally annealed for 1 h at 200°C in a 1 kOe magnetic field. Figure 1 shows the magnetization of the as-grown sample, with nominally t = 3.8 nm at room temperature and with the field H applied along the easy axis direction. The hysteresis curve shows two separated loops, where presumably each corresponds to the magnetization reversal of one of the two NiFe layers. The total change in the magnetization of the two loops has a 3.8:5 ratio, as is the expected based on the relative thicknesses of the layers. This implies that the bottom loop with greater bias ͑H ex = −150 Oe͒ corresponds to the seed layer, while the top one with a smaller bias ͑H ex = −34 Oe͒ corresponds to the pinned layer. For the as-grown sample with nominally t = 12 nm, the hysteresis curve is shown in Fig. 2 . Figure 3 shows the magnetization curve of the field-annealed sample with the nominal seed layer thickness t = 18 nm.
It is commonly accepted that in the ͑111͒ and ͑001͒ planes of FeMn, the in-plane magnetic components compensate each other, and there is no net magnetic moment to produce any bias. 10, 11 However, the existing experimental results show greater exchange bias for the seed NiFe layer in comparison with the top NiFe layer even if both NiFe layers have the same thickness. 9 This result has been attributed to the development of transitional interfacial AFM layers in FeMn layer with a parallel net spin ordering during the growth induced by the biasing effect of the saturated ͑111͒ NiFe seed layer. 9 To better understand the magnetic structure of these samples, polarized neutron reflectometry 12 ͑PNR͒ was used to study the layer-by-layer magnetization of the samples. Specular polarized neutron reflectometry provides a direct determination of the depth-dependent in-plane magnetization vector averaged over the lateral dimensions of the surface or interface in a magnetic layered structure. The measurements were carried out at the POSY1 reflectometer at the intense pulsed neutron source of Argonne National Laboratory. Reflectometry measurements were performed with and without polarization analysis. R + and R − denote reflectivities measured without polarization analysis for incident neutrons polarized parallel and antiparallel to the applied magnetic field, respectively, which are measured as a function of q z =4 sin͑͒ / ͑: angle of incidence, :neutron wavelength͒, the momentum transfer perpendicular to the sample surface. If polarization analysis of the reflected beam is performed, four spin-dependent neutron intensities are measured, two non-spin-flips R ++ and R −− and two spin flips R +−
and R −+ , where R + = R ++ + R +− and R − = R −− + R −+ , with reference to the magnetic field applied to the sample ͑convention-ally, the field is applied in the sample's plane͒. The difference between R ++ and R −− reflectivities is predominately determined by the depth profile of the component of magnetization which is parallel to the applied field, while the spinflip reflectivities R +− and R −+ are related to the magnetization components perpendicular to the applied field. 10 For the two as-grown samples, additional x-ray reflectivity data were used to extract the individual layer thickness and the interface roughness for each layer. The PNR data taken at saturation ͑H = 500 Oe͒ were used to determine the structural parameters and saturation magnetization. Table I summarizes these results. For all samples, the atomic moments of both layers are quite close to the bulk value of 0.927 for NiFe. The interface roughness for each layer in the two as-grown samples was less than 0.9 nm.
For the as-grown sample with t = 3.8 nm, extensive neutron reflectivity measurements were taken subsequently at 500, −100, −500, and −70 Oe. At all measured fields, the spin-flip reflectivity was insignificant, indicating that the moments of both NiFe layers are aligned either parallel or antiparallel to the applied field. At 500 Oe the magnetic moments of both NiFe layers are aligned with H. When the strength of the magnetic field is reduced to zero and then to H = −100 Oe, the magnetization of the thicker top NiFe layer reverses and the NiFe layers are antiferromagnetically aligned. Below −200 Oe, the magnetic moments of both NiFe layers are again aligned with H. In the second leg of the hysteresis curve, at H = −70 Oe, the magnetization of the seed NiFe layer switches and aligns antiparallel to the applied field H and the top layer. Essentially the neutron results confirm the conclusions drawn based on the relative height of the two separate loops in the hysteresis curve. With the present setup on POSY1, our PNR measurements provide the structural and magnetic depth profiles of a layered structure with a resolution of a few atomic planes, which is good to identify the magnetization direction of both NiFe layers but, unfortunately, not sufficient to resolve the proposed 9 transitional interfacial AFM layers in FeMn layer.
For the as-grown sample with t = 12.2 nm, the PNR measurements taken at saturation indicate that the magnetic moments of both NiFe layers are aligned with the applied field H. When the strength of the magnetic field is reduced from positive saturation to H = −80 Oe, the magnetization of the top NiFe layer reverses and the NiFe layers are antiferromagnetically aligned. Below −100 Oe the magnetic moments of both NiFe layers are again collinear and are aligned with H. Increasing the field from −500 Oe to H = −52 Oe ͑where the magnetization of the top NiFe layer starts being hysteretical͒, significant neutron spin-flip reflectivities are observed, which directly indicate a component of the magnetization that is perpendicular to the applied field at some depth in the film. At this field, the PNR data are consistent with a magnetic configuration where the NiFe layer magnetizations are canted with respect to each other by an angle = 80°. The magnetic configuration as determined by PNR is sketched along the hysteresis curve in Fig. 2 . It is interesting that for this sample, the behavior is different for the two sides of the hysteresis curves.
For the annealed sample with t = 17.9 nm, we observed significant neutron spin-flip reflectivities during the magnetization reversal of the seed layer. The PNR measurements were made, after saturating in a positive field, subsequently at −40, −50, −60, and −75 Oe. The spin-flip intensities ͑I −+ ͒ integrated over the measured q z range ͑0.0059-0.026 Å −1 ͒ are shown in Fig. 3 along with the magnetization curve. For descending fields, significant spin-flip reflectivities are observed as the seed layer magnetization reverses as well as at the beginning of the horizontal plateau in the hysteresis curve. The maximum spin-flip intensity is observed at H = −50 Oe. This field lies almost at the center of the magnetization reversal of the seed layer. These results show that the seed layer magnetization rotates during the reversal. After saturating the sample at H = −500 Oe, PNR measurements made at −100, −75, and −50 Oe show significantly less, but not zero, spin-flip scattering ͑Fig. 3͒. As these fields correspond to the reversal of the top layer, it appears that again here the reversal is at least partially by rotation of that layer. A more detailed interpretation is only possible after analysis of data covering a larger q z range then shown so far. Figure 4 shows a measurement over a more extended q z range obtained after saturating the sample in 500 Oe and reducing the field to −55 Oe. From fitting the spin dependent reflectivities ͑after performing background and polarization efficiency corrections͒, a magnetic configuration was determined, where the magnetization of the NiFe layers is canted with respect to the other. The spin-flip reflectivity is best fitted when the pinned NiFe layer magnetization is oriented at 210°with the magnetic field, while the seed NiFe layer is almost perpendicular to the field ͑at 99°͒ and the other layer.
In summary, it was determined that for the thin seed layer, the two NiFe layers reverse independently. No evidence of rotation of the magnetization was found, and only collinear alignments were measured. Unfortunately, the resolution of the experiments was not sufficient to resolve the proposed transitional interfacial spin structure. 9 However, it was found that with increasing thickness of the seed layer, rotation of the magnetization occurs. The observation of this rotation is puzzling, as there is no obvious component in the system that would produce the torque necessary for rotation, as the field was always applied along the easy axis, as determined by the created bias, during the measurements. The possibility of another anisotropy direction of the NiFe was tested by additionally performing magnetization measurements with a field applied along the hard axis directions. However, the maximum anisotropy field in the hard direction is quite small, about 1.6 Oe, and is therefore not a likely cause. For similar systems it has been proposed based on transverse magneto-optic Kerr effect spectrometry ͑MOKE͒ measurements 13 that there is a coexistence of 90°͑biqua-dratic coupling͒ and a bilinear coupling between the FM and AFM spins. An alternative explanation might be the existence of coupling between the two FM layers through the AFM layer. Such a model was proposed when in a trilayer of NiFe/ FeMn/ Co the NiFe was found to be magnetized at an angle = 105°with that of Co ͑Ref. 14 and 15͒ for various field conditions. At present, it is not clear which scenario applies to these samples, but this interesting result warrants further investigation.
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